Replication of nucleolar DNA in Tetrahymena was studied, after a 10-min labelling with tritiated thymidine, in synchronized cells (>>one heat shock per generation,) around the synchronous cell division, and in cells from an exponentially multiplying culture. The purpose was to investigate the timing of replication of the ribosomal RNA genes, since there is a controversy in the literature on this point. Replication of the ribosomal RNA genes was determined in electron microscope autoradiograms as the presence of silver grains above the peripherally located nucleoli in the macronucleus; the degree of labelling within each nucleolus cannot be determined since the size of an activated silver bromide crystal corresponds to the diameter of a nucleolus. Our results, expressed as the percentage of cells showing labelling of the nucleolar region, revealed a significant fall during the synchronous cell division, thus indicating that replication of nucleolar DNA does not take place during cell division. Another finding was that cells active in DNA synthesis (S-phase) had a higher percentage of labelled nucleoli than that found in cells at any other stage. No difference in replication of the nucleolar DNA was found in heat synchronized cells and in cells from exponentially multiplying populations, apart from the absence of a Gi-stage in the former cells. Our conclusion is that the ribosomal RNA genes are replicated throughout the cell cycle except during division and that cells in the S-phase may have an intensified rate of replication of these genes.
INTRODUCTION
The ribosomal RNA genes are situated in the nucleolar organizer of the peripherally located nucleoli in the macronucleus of Tetrahymena (e.g. (6) ). These genes are palindromic molecules (11, 17, 9, 7) which have been studied extensively. The ribosomal genes are extrachromosomal, detached from the bulk of the macronuclear chromatin (! 2, 15), and in Tetrahymena strains capable of conjugation a preferential amplification of these genes occurs early during the sexual cycle (25) . The macronucleus of Tetrahymena contains 500-1,000 nucleoli (22) each containing one nucteolar organizer with about 10 ribosomal RNA genes.
Several studies have revealed correlation between the synthesis of ribosomes and the appearance of the nucleolar organization in Tetrahymena. Thus, a high rate of production of ribosomes is correlated with the presence of numerous, small nucleoli located peripherally in the macronucleus (19) , whereas little or no synthesis occurs in cells in which the nucleoli have aggregated into large fusion bodies, as for example in starved cells. Such aggregation of the nucleoli is not correlated with loss of ribosomal RNA genes (10) .
A point of controversy in the literature is the timing of replication of these ribosomal RNA genes in Tetrahymena. Thus, replication of the nucleolar DNA has been reported to occur exclusively during a defined stage of the cell cycle (16) such as during the G2-phase (6) , during the Gi-phase (i 3, 14) , and during the early S-phase (1); however, the event has also been reported to occur throughout the cell cycle with a possible stop during cell division (24) . In all these studies the culture conditions, as well as the method of determination of the replicated DNA, differ.
In the present study we used Tetrahymena pyriformis from heat synchronized and from exponentially multiplying populations. The cells were exposed to tritiated thymidine for a short period, after which localization of labelled material in the nucleolar region was determined by electron microscope autoradiography. The purpose was to analyse the events in individual cells in relation to their stage in the cell cycle.
MATERIAL AND METHODS
Tetrahymena pyriformis GL-8 (4) was grown axenically at 28 ~ in 2% proteose-peptone enriched with 0.1% liver extract and inorganic salts (PP-medium) (27) . The cells were synchronized with respect to cell division using the >>one heat shock per generation<< method (28), i.e. the cells were exposed to 34 ~ for 20 min (heat shock) at intervals spaced 160 min apart. After the 6. heat shock the cells were exposed to tritiated thymidine (Amersham, Radiochemical Centre, TRA 120) at a specific activity of 25 pCi. ml -t, for 10 min at different intervals during the culture cycle. The exposed cell samples were prepared for light microscope autoradiography using K5 Ilford emulsion and the dipping method (3), simultaneously with preparation for electron microscope (EM) autoradiography, as described below. A sample of exponentially multiplying cells was treated in a manner similar to that of the heat synchronized cells.
For electron microscopy the cells, after the exposure to the nucleoside, were fLXed for 10 min in 2 % glutaraldehyde (v/v) in 0.1 M-cacodylate buffer (pH 7.4) and, after a brief wash in the buffer, for 1 h in 1% osmium tetroxide in the same buffer. Dehydration was carried out in a graded series of ethanols and finally in propylene oxide before embedding in epon according to J. H. Luvr (18). Golden sections were cut on an LKB Ultratome and mounted on grids with carbon-coated collodin films. The sections were contrasted for 1 h with 1% aqueous uranyl acetate and coated with a thin layer of carbon before application of L4 Ilford emulsion in a monolayer using the >>loop<< method (5), as described previously (21) . The autoradiograms were developed after 6 weeks of exposure in Microdol X: the sections were contrasted with lead hydroxide for 10 min (26) before examination in a Zeiss EM9 electron microscope. Micrographs were taken at primary magnifications of 1,800 • • 3. RESULTS
Exponentially multiplying cells
The cell density of the population was 80,000 cells 9 m1-1, and the generation time 160 min, at the time of the 10-min exposure to tritiated thymidine, hence the labelling period represents 1/,6 of the cell cycle time.
The electron microscope (EM) autoradiograms included sections of 7 cells containing the macronucleus. In 5 cells (71%) silver grains were present above the macronuclear chromatin, i.e. the cells were in the S-phase; on the average 10 % of the nucleoli were labelled (ranging from 6 % to 14 %). This determination of nucleolar labelling refers to the f'mding of one silver grain (curly configuration) above a nucleolus; the curly configuration of the silver grain has an extension corresponding to the diameter of the nucleolus. The macronucleus of a typical cell in DNA synthesis is shown in Figure 2 , where also the typical arrangement of the numerous small, peripherally located nucleoli is shown. A late G2-phase cell (14 % ) with the macronuclear chromatin arranged in >>subnuclek~ (20) was unlabelled, whereas a cell in early G2-phase (14%) had 4% of the nucleoli labelled. These findings are in good agreement with a previous report (21) where 23 cells were analysed under corresponding growth conditions; here cells active in DNA synthesis had 10 % of their nucleoli labelled and 23 % of all cells were unlabelled.
Heat synchronized cells
The population received 6 heat shocks after which the cell density was 25,000 cells, ml -l. In the present experiment the actual increase in cell density was 70% after the synchronous cell division which is somewhat lower than that generally achieved in this system (28) . The percentage of cells in division (figure 8-shaped) is plotted with time after the end of the 6. heat shock (EH) in Figure 1 , where also the percentage of cells in the S-phase (light microscope (LM) autoradiography) is shown.
For EM autoradiography 4 cell samples were labelled for 10 min with tritiated thymidine added at 60 min EH, 80 min EH, 90 min EH, and 190 min EH (after having received the 7. heat shock at 160-180 min EH), respectively; these intervals are indicated on Figure I by horizontal bars. The labelling period corresponds to ~/,8 of the cell cycle time, since the synchronous cell divisions in the system are spaced 180 min apart. The observations of the 4 samples will be described separately.
Labelling during 60-70 min EH
One cell (10 %) of the 10 cells examined contained several silver grains above the macronuclear chromatin, a finding which is in agreement with the 12 % of the cells observed to be in the S-phase by LM autoradiography (Figure 1) ; in this cell 16% of the nucleoli were labelled. The remaining 9 cells (90 %) were all in the early G2-phase as based on the configuration of the macronuclear chromatin (20, 21) , as well as on the presence of an oral primordium ( Figure  6 ) in sections of 3 cells. No nucleolar labelling was seen in 4 of these cells ( Figure 5 ), whereas 5 cells showed a 2 % to 5 % labelling of nucleoli ( Figure 7) . A so-called RNA-body (8, 23) was observed in 2 cells (20 %). The result of these observations was that 60 % of all cells showed some nucleolar labelling ( Figure 1 
The developed silver grains have a curly configuration. Magnification: 15,000 times, apart from Figure 5 The cell is in the S-phase, as indicated by the presence of several silver grains above the chromatin region (CH). Silver grains are also present above the nucleoli (N) indicating that replication of the nucleolar DNA has occurred. Figure 3 . Part of the macronucleus of a synchronized cell (sample 90-100 min EH).
The cell is in the S-phase. Silver grains are present above the nucleoli (arrows) indicating that replication of the nucleolar DNA has taken place. Note that the nucleolar organization is the same as that found in exponentially multiplying ceils (see Figure 2) . Figure 4 . Part of the macronucleus of a synchronized cell after the 7. heat shock (sample 190-200 min EH, see Figure 1 ).
The cell is in the S-phase with silver grains above the chromatin region (CH) and above the nucleoli (arrows). Note the somewhat ,fluff~,~ appearance of the nucleoli as a result of the 7. heat shock. An RNA-body (B) is seen. No incorporation of tritiated thymidine has occurred in the chromatin (CH) or the nucleolar (N) regions, thus this cell has not replicated the nucleolar DNA during the exposure. A lower magnification of this cell is shown in Figure 6 . No labelling is found in the macronucleus ( Figure 5 ). The indentation (arrow) represents the early division furrow and below this the section passes through the oral primordium (OP). No labelling of either the chromatin (CH) or the nucleolar (N) region is seen, thus indicating that no replication of the nucleolar DNA takes place during cell division.
Labelling during 80-90 min EH
This interval includes the maximum of dividing cells at 85 min EH (Figure 1 ). The percentage of cells in division (figure 8-shaped) decreases from 80 % to 60 %, and the percentage of cells in the S-phase increases from 15 % to 27 % (Figure 1) .
Of the 9 cells examined in the EM autoradiograms, one cell (11%) was active in DNA synthesis. This cell most likely represents a young daughter cell as judged by its relatively small size and roundish shape; 18% of its nucleoli were labelled. The configuration of the macronuclear chromatin in the remaining 8 cells was typical of G2-phase cells. In two of these cells (22 %) a single silver grain was found above the chromatin, whereas no labelling was observed in the 6 ceils (67%); an RNA-body was observed in one cell (11%). 11% of all cells had labelled nucleoli (Figure 1 ).
Labelling during 90-100 min EH
The percentage of dividing ceils decreases from 60% to 10 %, thus the number of cells increases maximally during this interval. The percentage of cells in the S-phase increases from 27% to 58% (Figure 1 ).
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Of the 12 cells examined in the EM autoradiograms, 3 cells (25 %)had many silver grains above the chromatin region (Figure 3) . The percentage of labelled nucleoli in these cells was 5 %, 9 %, and 13 %, respectively. The macronucleus in 5 cells (42%) was roundish or irregular in shape and their chromatin configuration indicated that the cells were in the G2-phase; 3 of the cells had 3 % of their nucleoli labelled (Figure 8) , whereas no nucleolar labelling was observed in 2 cells. In 4 cells (33 %) the macronucleus was elongated, as typical for the late division stage, and no nucleolar labelling was observed ( Figure 9 ). An RNA-body was observed in a G2-phase cell (8%). 67% of all cells had labelled nucleoli (Figure 1 ).
Labelling during ~H90-200 min EH~
Since the cells received the 7. heat shock at 160-180 min EH, this cell sample represents the events at i 0-20 min EH. The percentage of cells in the S-phase was 25 % (Figure 1) .
In all 9 cells examined in the EM autoradiograms the nucleoli had a >>fluffy~ appearance, a typical effect of the increased temperature during the heat shock (23); however, the nucleoli are not aggregated (Figure 4 ). Four cells (44 %) were in the S-phase with several grains above the macronuclear chromatin; the percentage of labelled nucleoli ranged from 10 % to 17 %. Three cells (33%) had few grains above the chromatin region, whereas 2 cells (22%)were unlabelled in this region. In 3 cells the nucleolar labelling was 2 %, 6 %, and 7 %, respectively, and 2 cells were unlabelled. An RNA-body was observed in 1 cell (11%). 78 % of all cells had labelled nucleoli (Figure 1 ).
Summary of the results on synchronized cells
Our data have revealed that not all cells have labelled material in the nucleolar region. When expressed as the percentage of cells with any label in the region, there is a clear drop during the maximum of the synchronous division, as indicated by asterisks on Figure 1 . Furthermore, our observations have revealed that cells in the Sphase have a higher percentage of their nucleoli labelled than that found in cells in any other stage. These findings also apply to cells from exponentially multiplying populations.
DISCUSSION
The slight imperfection of synchrony in the heat synchronized population of Tetrahymena was not significant for the present analysis of single cells, because the different cell stages are easily identified on the basis of their fine structure (21) . Although there may be some difficulty in distinguishing between G l-and G2-stage ceils in some sections, this uncertainty does not arise with heat synchronized cells in which the G l-stage is absent (2) . The nucleolar organization in the cells synchronized by the >>one heat shock per generation<< method (28) is the same as that of exponentially multiplying cells with numerous small nucleoli, thus without the nucleolar aggregation seen in cells synchronized by >>the multiple heat shock<<method (23) .
Our observations indicated that replication of the ribosomal RNA genes occurs throughout the major part of the cell cycle, except during cell division; this finding applies to both heat synchronized and exponentially multiplying cells. The stop in replication of these genes lasts for something between 1/~ and I/9 of the cell cycle time, since after a 10-rain exposure to tritiated thymidine several cells are unlabelled in the nucleolar region as shown in the present study, whereas after a 20-min exposure to the nucleoside all 50 cells, analysed in a previous study (24) , have labelled nucleoli. In the latter study, a stop for nucleolar replication during cell division was suggested (as mentioned in the Introduction). This has been confirmed in the present work.
The question which arises is: to what extent do our findings relate to the divergent findings on the timing of the replication of the ribosomal RNA genes in Tetrahymena? Firstly, using the same method of synchronization as in the present study H. A. ANDERSEN and J. ENGBERG (1) found a sharp increase in the amount of newly replicated DNA that hybridized with ribosomal RNA immediately after the synchronous division as the cells enter the S-phase. Our observations are in accordance with the assumption of these authors of an intensive replication of the ribosomal RNA genes during the early Sphase of synchronized cells, since we find a sharp increase in the number of cells incorporating thymidine into the nucleolar region at this time, and since cells in the S-phase have more nucleoli labelled than cells in other stages. However, our method is not sensitive enough to reveal a variation in the degree of labelling of individual nucleoli, because the size of each silver bromide crystal in a monolayer emulsion corresponds to that of a nucleolus, thus a crystal giving rise to the curly structure of the silver grain may have been activated by disintegrations from few or many labelled nucleotides in a single nucleolar organizer. Therefore, from the autoradiographic evidence we cannot exclude that cells in the early stage of the S-phase have a much higher rate of replication of nucleolar DNA such as shown by the more sensitive biochemical method. However, the replication event does not occur exclusively during the S-phase in the synchronized cells as shown in Figure 1 .
Secondly, in another study (14) replication of the nucleolar DNA has been reported as a Giphase event in Tetrahymena transferred to the growth medium and to continous labelling with tritiated thymidine after a 24-h starvation period. The cells were labelled in the nucleolar region before any labelling of the macronuclear chromatin was seen and the biochemical analyses confirmed that this early replication was correlated with an increased amount of ribosomal RNA genes in the cells. Cells starved for 24 h are small due to extensive autophagy and thereby deprived of part of their ribosomes. To restore their normal cell size and their further progress through the cell cycle, these cells initiate a high rate of protein synthesis for which new ribosomes are needed. Furthermore, 24-h starved cells have 30%-40% fewer ribosomal genes than cells from exponentially multiplying cultures (10), hence it is not surprising that a selective replication of the genes occurs during the nutritional upheaval upon transfer to the growth medium, especially since Gl-cells are capable of incorporating thymidine into the nucleolar region (24) .
Thirdly, replication of the nucleolar DNA as a G2-event was reported by R. CHARRET (6) using a micronucleate strain of Tetrahymena with a generation time of 6 h. After a 2-h labelling period with tritiated thymidine a cell was found with two labelled micronuclei and a macronuclens labelled only above the nucleolar region; the finding was interpreted as restricting the replication of nucleolar DNA to the G2-phase. However, only a few nucleoli are labelled in this particular cell (Figure 9 in (6)), although the cell has been labelled for 1/a of the cell cycle and with a concentration of labelled nucleoside that is four times higher than that used in the present study. This causes us to doubt the assumption that the event is confined exclusively to the G2-phase.
The conclusion of the present study is that replication of the ribosomal RNA genes in Tetrahymena occurs throughout the cell cycle with a stop during cell division. Our results are also compatible with the biochemists' assumption (1) of an intensification of replication during the S-phase. Since the replication of these genes is under a control separate from that of the bulk macronuclear DNA, the intensity of this replication may be shifted to a particular cell stage under different nutritional conditions.
